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THE MAGNETIC HYSTERESIS OF COBALT. 5 19 

LII. O n  the Magnetic Hyste?*esis of Cobalt. By J. A. 
FLEMINGI, M.A., D.Sc., F.R.S., Professor qf Electrical 
Eng inee~ ing  in University College, London, A. W. ASHTON, 
B.Sc., 185 1 Exhibition SclLolar, and H. J. TONLINSON, 
Salomons Scholar, University College, Londoii *. 

[Plates 11. & 111.1 

ALTHOUGH determinations have been made of the magnetic 
constants of cobalt by other observers, we have not been 
able to find any verg complete set of observations on the 
magnetic hysteresis values of' cobalt of known chemical com- 
position corresponding to various cyclical magnetic forces 
of known range or maximum value. Having in our possession 
a cobalt ring of supposed fairly pure commercial cobalt, ;I 
series of magnetic experiments were undertaken with it, the 
results of which are embodied in the following tables and 
diagrams (see Plates 11. & 111.). 

A rectangular sectioned circular ring of the inetal was cast 
for us by Messrs. H. Wiggin & Co. of Birmingham, and 
turned up true in the lathe. The dimensions of the ring 
were then carefully measured and the mean values were 
fonnd to be as follow :- 

Mean outside diameter of ring . . . . 13.84 cms. 
Mean inside diameter of ring . . . . 11.15 ,, 
Diameter of mean perimeter of ring . . 12.50 ,, 
Mean perimeter . . . . . . . . . 39.26 ,, 
Mean depth of cross-section of r ing.  . . 3.91 ,, 
Mean cross-sectional area . . , . . . 5.23 sq. cm. 
The mas5 of the ring was . . . . . . 1665 grams. 
The volume of the ring . , . . . . 205-6 c. cm. 
The mean density . . , . . . . . 8.1 
The ring was then insulated with silk tape and wound over 

with four secondary coils of No. 36 S.W.G. silk-covered 
copper wire of 100, 50, 25, and 10 turns respectively, put on 
at quadrantal positions. 

* Read June 53,18QQ. 
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Over these secondary coils was wound a series of six 
primary coils of No. 18 S.W.G. cotton-covered copper wire 
laid on uniformly round the ring and having 195, 187, 180, 
167, 161, and 155 turns respectively. The wire was well 
insulated with tape and shellac varnish. The ring so 
prepared was mounted on a board. From some of the 
turnings a chemical analysis of the metal was made for us by 
Mr. R. A. Hadfield, M.Inst.C.E., to whom we are greatly 
indebted. 

The analysis showed that the metal had the following 
coinposition :-- 

Cobalt . . 
Nickel. . 
Iron . . 
Manganese 
Silicon . 
Carbon . 
Sulphur . 
Phosphorus 

. . . 95.95 per oent. . . .  080 ,, 

. . .  -91  9 9  . . .  -25 9 9  . . .  -42 9, . . . 1.36 ,, 
. . . trace. . . , trace. 

Thg inetal cannot therefore be considered as even approxi- 
mately chemically pure. It conteins nearly 1 per cent. of‘ 
iron and 1 per cent. of nickel. 

The ring thus prepared was submitted ta a coinplete set of 
inagnetic tests by aid of the ballistic galvanometer in the 
usual inanner for the determination of the magnetic flux- 
density or induction corresponding t.0 certain cyclic values 
of niagnetizing force. I t  is unnecessary to  give the 
details, excepting to state that the electrical measure- 
ments required were all ultimately referred to a standard 
resistance and Clark cell by means of a potentiometer. The 
ballistic galvanometer used was a Crompton -d’Arsopval 
with a movable coil having a periodic time of faurteen 
seconds. 

The standardization of the galvanometer was effected in 
the usual manner with a standard secondary coil placed in 
the interior of a long primary solenoid of known dimensions. 
From the observations the inagnetizing force (H) employed 
and the corresponding flux-density or induction (B) were 
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calculated and the results set out in the accompanying 
tables. 

The first set of experiinents consisted in taking a careful set 
of' complete magnetic (B.H.) cycles (see fig. 1, Plate II.), 
and from these the hysteresis losses in ergs per cub. centim. 
per cycle corresponding to known maximum flux-densities 
were calculated by measuring the delineated areas. A 
Steinmetz curve was t>hen constructed showing the relation 
of the hysteresis loss in each cycle to the maximum induction 
for that cycle (see fig. 2, Plate 111.). This was converted 
by taking logarithms (ordinary) of both variables and plotting 
a logarithm curve (see fig. 3). This last curve proved to be 
nearly a straight line. 

If W =magnetic hysteresis energy loss in ergs per cuh. 

B =maximum flux-density (induction) during the cycle, 
I =niaximum magnetization dnring the cycle ; 

centim. per cycle, ancl 

then the logarithmic curves show that over a wide range 

.W =Os01 B1'6, or 
W=0*527 

These exponential expressions W =qB" and W = q'In' for W 
in terms of B ancl 1 show that the relation found by Mr. C. P. 
Steinmetz* €or iron and steels of various composition, and 
by Dr. A. E. Kennelly t for nickel, approximately holds good 
for this sample of cobalt, viz. that the hysteresis loss varies as 
the l-Gth power of the maximum flux-density during the cycle. 

It is not a little curious that for inaterials differing so much 
as the above cast cobalt and soft annealed transformer iron 
the hysteretic exponent should in both cases be so near to 1.6. 
At low inductions the hysteretic expanent increases in value, 
however, in all cases. I n  the case of iron it is well known 
that magnetic hysteresis becomes zero before the maxiniuni 
induction becomes zero. There is, in fact, a non-hysteretic 
range of cyclical magnetization. Hence it follows tthnt for some 

0 4 Electrician,' vol. xxviii. pp. 384, 408, 4% ; also vol. xxxii. p, 672. 
t 6 Electrician,' vol. xxviii. p. 666 (1892). 

VOL. XVI. 22 
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small value of the maximum flux-density there must be a range 
of flux-density during which hysteresis increases from zero to 
a finite value; in other words, its rate of change is then very 
large. Hence loglo W will have a very large negative value 
corresponding to a certain small value of loglo B ; and 
accordingly it follows that the hysteretic constant n, which is 
represented by the tangent of the inclination of the line 
(log W, log B) cannot have the value 1.6 throughout all 
values of B,,,, but must increase as Bmm. decreases. That 
t'his is also the case for this cobalt sample is well shown by the 
lowest observation-points on the logarithm-curve (fig. 3). W e  
conclude from the fact that the hysteretic exponent attains a 
higher value than 1.6 for very low inductions, that there is 
in cobalt also a non-hysteretic range of cyclical magnetization. 
It is usual to express W in terms of B; but inasmuch as W 
is really an expression for the behaviour of the metal per se 
corresponding to a given state of magnetization, it would be 
better to express W in terms of the magnetization I. Of the 
three magnetic vectors H, B, and I, I has reference to the 
properties of the inaterial itself, B to those of the inaterial 
and the space it occupies as well, and H may be looked upon 
as denoting the space qualities only. 

Hence iiiagnetic material qualities like W should be expressed 
in terms of I rather than B. 

W e  have accordingly given the logarithmic curve con- 
necting loglo TV and log,, I, I being the maximum magneti- 
zation during t,he cycle, 

The fact that the hysteresis loss W during a cycle can be 
approximately expressed in terms of the maxiinurn tnagneti- 
zation I during the cycle, seems to show that the work done 
in making a complete magnetic cycle, or carrying the mag- 
netic molecules once completely round, is nearly a simple 
exponential function of' the percentage of them which are 
collineated at the beginning and end of the cycle in the 
direction of maximum magnetization. The magnetization 
being the magnetic moment per unit volume, it follows that the 
work done in making a complete magnetic reversal of all the 
molecular magnets is a nearly simple exponential function 
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of the total resolved molecular magnetic moments in the 
direction of magnetization at the beginning and end of the 
operation. 

I t  appears, therefore, that the work done in carrying the 
magnetic molecules in unit volume once round a complete 
cycle is nearly proportional to the 1.6th power of the aggre- 
gate magnetic moment of all the molecules estimated in the 
direction of the magnetic force. 

The more the molecular magnets are collineatecl, that is, the 
greater the aggregate magnetic moiiient in a given direction, 
the greater the work required to effect a complete cyclic 
operation, the two magnitudes being related bv a simple ex- 
ponential relation. It would be interesting to determine if the 
mechanical work required to effect the complete magnetic 
reversal of a crowd of small compass-needles is proportional 
to the 1*6& power of the aggregate maximuin magnetic 
moment before or nf'ter completion of the cycle, 

The observations also furnished a simple niagnetization- 
curve for the metal (fig. 4) and a series of values of the 
permeability stated in terms of the flux-density B and of the 
magnetic force H (fig. 5 ) .  

A study of these curves shows that this cast cobalt magne- 
tically resemblaa inany ordinary qualities of cast iron. 

As a comparison, a series of similar observations were 
taken on a circular cast-iron ring. 

This ring was prepared for us by Messrs. Enston, Anderson, 
and Goolden from a variety of cast iron used by them for 
dyn:imo purposes. The transverse section of the ring was 
rectangular. 

The dimensions of the ring were as follows :- 
Mean outside diameter . . 5.000 inch. 
Mean inside diameter . . . 4.000 ,, 
Depth of ring , . , . . 0.500 ,, 
Mean thickness , . . . . 1.000 ,, 
Mass of ring . , . . . . 1.8086 lbs.  
Specific gravity . . . . . 7.042 
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The ring was insulated and wound over with two primary 
coils of No. 20 s.w.a. cotton-covered copper wire, the inner 
layer having 248 turns and the outer 243 turns. 

The primary coil was overlaid with two secondary coils of 
Xo. 36 silk-covered copper wire, one having 200 turns and 
the other 20 turns. The ring was submitted to the process 
above described for obtaining the cyclic magnetization-curves 
by determining with the ballistic galvanometer the value of B 
corresponding to various cyclic values of H. These obser- 
vations were taken by Mr. H. I. Leqenz in January 1898, 
in the Pender Electrical Laboratory, University College, 
London. 

The hysteresis loops were then carefully plotted out (fig. 6) 
by the same observer. From the measurements of area a 
Steinmetz curve was drawn (fig. 71, the ordinates of which 
represent ergs per cubic centimetre per cycle and the abscissze 
maximum flux-density during the cycle. Also a curve (fig. 8) 
was drawn, the abscissae and ordinates of which were the 
ordinary logarithms of the above quantities. 

This latter curve proves to be a straight line over a comi- 
derable portion of its length. The inclination of the iine, 
however, shows that the hysteretic exponent for this cast iron 
has a value of 1.97, considerably above the value obtained for 
the cast cobalt. It appears, therefore, as if the hysteretic 
exponent for cast iron at  moderate and high inductions re- 
sembles that of wrought iron, and that of nick1 and cobalt a t  
very low ipduction densities. The permeability curves for 
tbis cast iron in terms of l3 and H as abscisss are shown in 

The chemical composition of the cast-iran ring we cm- 
ployed was kindly determined for us by Mr. R. A. Hadfield. 
His analysis showed the presence of 2 per cent. of silicon, 
2.85 of carbon, and 0.5 of manganese. It was therefore not 
in any way abnormal. The f'ollowing tables give an epitoiue 
of'the observations on these cast cobalt and cast-iron rings. 

fig. 9. 
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l 13.23 
1 7.13 
I 3.75 
I O  

Observations on the Magnetic Hysteresis of Cast Cobalt. 
Cyclical Magnetization Curves. 

Loop r. // Loop TI. LoopIII. /I Loop Iv. 
I I  

2341 jJ 17.91 1 3106 
1928 9.17 I 2549 
1595 1 1  4.18 , 2018 
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H. 

6.67 
492 
3.24 
2.28 
0.99 
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-4.92 - 6.67 

I 

, 
~ 

B. 

91 1 
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676 
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222 
24 
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- 537 
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- 1246 
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1 1  €I. I B. 
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-16.84 
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LoopV. j /  LoopVI. 1; Loop VII. (1 LoopVIII. 

2460 
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-4104 
-5786 
-7052 

H. 

0 - 7.17 
-14'97 
-3373 
-57.64 
-93.18 

30.53 
17.64 
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0 - 5.23 
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-14.41 

.- 30.53 
- 20.85 

/I- 
B. \ /  H. 

11-- -- 
4569 38.56 
3886 11 21.15 
3017 10.19 

- 1 :  I Ii I 
B. 1 ,  H. I B. I( H. 1 B. 

48.54 61.08 6519 li 26.79 I i::: 11 36.38 5705 
3536 1091 3751 16.39 4440 

2299 0 2418 
674 I- 611 550 

21'77 

LOOPIX. I !  Loop x. / I  LOOPXI. 

H. 

75.46 
46.41 

0 - 674 
-1286 
-26% 
-46.72 
-75.46 

18.43 

/ I  

7052 93.18 
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B. 
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2626 - 27 
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Magnetization Clurve, Permeability, and Hysteresis 

Values of Cast Cobalt. 

H. 

6.67 
1323 
17.91 
25.76 
YO53 
38.56 
4851 
6 1 .08 
7546 
93.18 

114.03 

B. 

91 1 
2341 
3106 
4110 
4Xi9 
5216 
b869 
6.719 
7052 
7632 
8237 

I 
1 Hperesis  Loss ! cc. per cycle. 

c. in ergs per 

160 6292 
150 ~ 7374 
135 i 8953 
121 I 10937 
107 1 13385 

14W2 :! i 16518 
72 18950 

I 
Hysteresis Loss I 
in wutts per lb. I 

per 100 cycles j 
per sec. 

e251 
1.379 
2522 
5.635 
4.143 
5.029 
6.144 
7.436 
8.226 

l0%54fi 
9.280 ~ 

H is the inasimmn value of the magnetizing force during each cycle. 
I3 is the maximuin value of the flux-density or induction. 
p is the value of the permeability correspoiiding tothe annexed values of B, 

and the hysteretic losses also corresponding to the values of H aud B 
are given in ergs and walt-seconcls. 

Observations on the Dlagnetic Hysteresis of Ctrst Iron. 

Magnetization Curve. 

H. 

e19 
*4 1 

1.11 
2.53 
3 4  1 
4 4 5  
5.67 
7.16 

B. 
-- 

27 
62 

206 
768 

1251 
1898 
2589 
3350 

367 / I  15.61 

B. 

403!) 
448 1 
4884 
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5504 
5820 
6814 
7580 

-- 

- 

436 
424 
396 
378 
353 
320 
2.58 
207 

__ 

1 H. 
- 

4 4.65 
56.57 
71.98 
88.99 

100.35 
120.60 
140 37 
152.73 

B. 
-- 

8071 
8548 
9097 
9600 

10066 
10375 
107 25 
109d5 
__. 

P* 

181 
151 
126 
108 
95 
88 
76 
72 

-_. 

___ 
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Observations 011 the Magnetic Hysteresis of Cast Iron (cont . ) .  

Cyclical Magnetization Curves. 

H. 
-- 
3.80 
346 
3.30 
2 9 2  
2.82 
267 
2.11 
1.31 

Loop I. 

B. 11 H. 
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-1.63 
-909 
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5.53 
4.65 
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-__ 

1 
240 
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-3.52 -11384 
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-2150 
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Loop XI. 

-5.09 
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1 
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I 
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3569 
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B. 11 H. I B. 

2.75 
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-38 

0 
-'38 

3228 
2799 
2605 
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B. 11 H. 

- -61 
-1.62 
-2.73 
-4'15 
-4'97 

2194 
1583 
210 - 1482 - 2348 

B. 

-234E - 23'36 
- 2545 

-- 

-7.32 
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8.75 
7.46 
519 
4 67 
4.1 7 

5972 
5825 
8646 
5526 

1.65 
49 
*47 

0 

4239 
4047 
3950 
3804 
3663 

- 4 8  I - *94 
-1.80 

1 1:::; 

- 3438 
-362C 
-%ti: 

3536 
3316 
2722 

Loop IV. 

1 - 7-51 
' -14.45 
~ -15.94 

H. 

19.14 
14.77 
1 1 .Y8 
10.92 
10.21 

B. 1 H. 

5496 1 -*31 
- 735 ~ -19.14 
-2473 11 

-312e 
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--- 
H. 1 B. 

71.50 8930 
43.86 8262 
38.07 7715 
10.55 6311 

Cyclical Magnetization Curves (continued). 

H. 1 B. 
---__ - ~ - - -  

He I B. 

H. B. 

6.31 5760 -10.52 -418Y -43.47 -7996 
4290 -2-1-10 -6628 -4990 -8116 ' -;.20 2937 -31-751 -7289 -51.11 -8239 

I -7.04 -2473 , -36.581 -7640 ~ -71.50 -8930 

Loop. B (max.). 

I. ............ 1475 466 ,300 
11. ............ 2545 1285 e29 ............ 1.934 .......... 4765 

8.658 

111. 3565 
IV. 5972 
V. ............ 8930 1 13123 

The result of experiments with the cast cobalt ring is to 
show that although in general form its magnetization-curve 
resembles that of cast iron, its hysteretic exponent is similar 
to that of annealed soft iron. The absolute hysteresis values 
corresponding to various maximum flux-densities are, how- 
ever, considerably larger than those of a typical variety of cast 
iron, 

DISCUSSION. 
Prof. EVERETT referred to the fact that the sarnple of 

cobalt contained about 1 per cent. of iron, and said that 
it would be interesting to  know how cobalt free from iron 
would behave. 

Mr. BLAKEBLEY said that the hysteresis curves obtained 
from the step by step method could not be applied to 
dynamos, because the time taken to perform the cycle 
altered the shape of' the curve. H e  would like to see the 
curves for cobalt determined in cases where the cycles were 
quickly executed. -- 


